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ABSTRACT 
 
We present some of the social and educational implications of our recently 
constructed operational demonstration model of an atomic force microscope. Our 
device employs and highlights the fundamental concepts and principles involved in 
nanoscale magnification microscopy. With this device we demonstrate concepts such 
as mechanical and electrical gain, noise, and ease of construction while offering an 
affordable and robust instrument. The hardware and electronics required to build 
the entire device may be purchased for less than $1,000. The entire project takes 
roughly a semester to complete. For K-12 teachers looking for a device to 
demonstrate the fundamentals of nanoscience to their students, ours offers 
accessibility and affordability. 
 
 
Introduction. In keeping with Richard 
Feynman’s famous “There’s Plenty of 
room at the Bottom” (Feynman, 1959), 
scientists and engineers from many 
diverse disciplines are now imaging and 
manipulating matter at the nanoscale. 
One of the primary motivations for this 
is to find novel solutions to problems 
and challenges facing us today ranging 
from miniaturization of laboratory 
equipment e.g. (Schwarz and Hauser, 
2001) to nanomedical devices and 
medicines e.g. (Freitas, 1999). One 
might argue that if we were able to track 
the nearly 1028 atoms and approximately 
ten trillion cells in a given body on a 
routine basis, early onset detection of 
disease may become routine. 
Conventional pharmaceutical medicine 
employs what might be called a bottom-
up approach, whereby small molecules 
are designed to interact with specific 
molecular sites. Conventional surgical 
medicine on the other hand, might be 
called a top-down approach whereby 
large portions of tissue are isolated either 
mechanically, or radiographically. 
Alternatively, nanomedicine holds the 
promise of interacting with molecular 
machinery at its own scale, or 
approximately ten nanometers to one a 
few microns. 
Central to the recent advances in 
nanoscience has been the atomic force 
microscope (AFM) (Binnig et al., 1986), 
a daughter technology of the scanning 
tunneling microscope (STM) (Binnig et 
al., 1982). One primary advantage of 
atomic force microscopy as compared to 
conventional scanning electron 
microscopy, apart from resolution 
approaching the thermal energy of a 
cantilever beam, is the minimal sample 
preparation required with atomic force 
microscopy. Biological molecular 
systems may often be imaged in their 
native state circumventing the need to 
deconstruct diffraction patterns of 
crystallized proteins or sugars.  
One of our goals is to expose and 
excite those unaware of the technologies 
behind high magnification microscopy to 
the primary principles involved without 
the overhead of investing in a 
conventional atomic force microscope, 
which typically carries a price tag 
anywhere from $100,000 to $500,000. It 
is our hope that the general public and 
K12 students will gain a comprehension 
and accurate conceptualization of the 
topographic information contained in the 
magnified images. Thus, a thorough 
understanding of the principles of 
nanoscale magnification is essential for 
the appreciation of the unique 
characteristics of the “nanoworld” and is 
a logical prerequisite for advancing to 
the level of manipulation of 
nanoparticles which is nanotechnology’s 
ultimate goal. 
The basic design of an AFM is a 
cantilever resembling a record player1 
arm and needle with a sharp tip typically 
comprised of anisotropically etched 
silicon attached to its underside. This tip 
has an effective radius ranging from a 
few nanometers to a few microns. 
Attached to a piezoelectric positioner, 
the cantilever or probe scans the 
sample’s surface in a raster-like fashion. 
The secret to the AFM’s capability of 
overcoming the diffraction limit of light 
or indeed of electrons is that it sums or 
averages reflected light from the back of 
the cantilever incident on a 
                                                 
1 For those too young to remember record 
players, the successor to the phonograph, this 
was a technology that nearly died with the 
advent of the compact disk player in the mid-
1980’s. Record players, or turn tables, as they are 
commonly referred to, are used contemporarily 
in dance clubs, frequently in tandem, to mix 
music. 
photodetector array. Imagine shining a 
laser pointer on the top of a record 
player’s arm to amplify its vibrations in 
order to play music. Numerous examples 
of the geometry exist on various 
manufacturers’ websites e.g. (Asylum, 
2003; Veeco, 2005). As the AFM’s 
cantilever reflects the laser beam from 
its top to the photodiodes, it acts as a 
true “optic lever” whereby the small 
deflection of the cantilever, δ, on the 
order of say half a nanometer at the end 
of a 100micron beam of length l, results 
in a deflection angle of  
 0.5E 9 5E 6 radians
100E 6l
δθ −= = = −− . (1) 
 
This is a small angle, but if we assume 
that the light path of the laser is 
approximately ten centimeters and want 
to find the deflection of the end of the 
laser d, we can rearrange (1) as 
 
 2 2 5E 6 0.1 1 md Lθ μ= = ⋅ − ⋅ = . (2) 
 
This represents approximately 0.1% of a 
laser beam spot size of 1mm. Thus the 
design of the AFM of the early to mid 
1980’s dramatically improved preceding 
magnification technologies (Rieth, 
2003). The major advances were the 
applicability of the AFM to both 
insulators and conductors, the versatility 
of controlling the scanning voltage and 
tip-to-substrate spacing independently 
without interlinking parameters. 
Furthermore it provides complete 
information regarding the topographic 
contrast, height measurements and 
surface features.  
Certainly the AFM will continue to 
undergo significant technical and 
theoretical advances in upcoming years. 
As a particular example, AFM is 
currently being integrated with magnetic 
resonance imaging (Rugar et al., 2004; 
Volodin et al., 2005). The major impact 
of this type of technology will be 
combining the penetrating capabilities of 
magnetic resonance imaging with the 
spatial resolution of atomic force 
microscopy. To keep the coming 
generations of scientists and engineers 
grounded in the fundamental concepts of 
scientific instrumentation, they must be 
made aware of the relevant concepts, if 
we are to continue to make future 
advancements, innovations and 
exploitation of the frontiers of atomic-
scale magnification. 
Nanotechnology as a field is rapidly 
emerging and is laying the foundations 
for numerous scientific breakthroughs 
and technological advancements. While 
some of the commercial applications are 
as mundane as wrinkle-free pants and 
bouncier tennis balls, large-scale 
projects such as space elevators (Clarke, 
1979; Edwards, 2000) rely heavily on 
the mass-production of materials with 
nanoscopic structure such as carbon 
nanotubes. For example the use of 
carbon nanotubes rather than materials 
such as steel or Kevlar, reduces the taper 
ratio of such a structure from several 
hundred to less than two. This is based 
primarily on the incredibly high strength 
to density ratio or specific strength of 
carbon nanotubes. 
Therefore, our future workforce, 
composed primarily of our current 
students should be exposed to, and 
allowed to appreciate the broad spectrum 
of educational tools and content from an 
early age that are likely to play an 
integral role in their futures. This would 
provide them a hands-on approach to 
nanotechnology (Fonash, 2001). In a 
social context, early exposure will 
empower students to make informed 
decisions in their future studies and 
professional careers regardless of their 
ultimate profession.  
Presently we lack a K12 educational 
standard for exposing young students to 
basic nanotechnology courses in middle 
schools and high schools. Existing 
AFMs, essential for materials 
characterization in any 
nanotechnological study, do not give up 
their secrets easily. The parts are small, 
and unless additional recording and 
projection equipment is installed, must 
be viewed under a microscope by one 
person at a time. So as educational tools, 
current AFMs fail to highlight their 
principles and engineering behind their 
operation.   
Our proposed solution to this 
problem is to provide a practical 
demonstration model of an atomic force 
microscope. While the final gain and 
sensitivity of the device will not 
approach that of actual AFMs and is for 
practical purposes, simply a gross 
profilometer, all of the major 
components are present. Furthermore, 
several students at one time can quickly 
assess the functionality of the device, 
discuss its operation in real time with 
their peers and teachers and touch and 
interact with human-scale models of the 
device itself. 
  
Method of Solution. We have 
constructed an operational model of an 
AFM (Gadia et al., 2005), (Figure 1). 
The framework, designed to be viewed 
panoramically is a one-foot cube that 
may be constructed with common 
materials such as aluminum angle 
beams or PVC tubing. This frame 
serves as a reference frame for the 
sample to be mounted upon and the 
probe to move within. The probe holder 
allows two degrees of freedom for the 
probe tip to move horizontally. 
 
 
 
The cantilever tip may be 
constructed out of any planar material 
available. Our preliminary design 
employs a common CD jewel case, a 
mirror and a sharply cut triangular-
pyramidal plastic tip. The beam is 
hinged where it attaches to the probe 
holder.  
A common 10mW red laser pen is 
used as the light source and a pair of 
photodiodes is used for light collection. 
These are all components that are readily 
available. For a complete parts list and 
vendors list, visit the corresponding 
author’s website. Prior to performing 
metrology with the device, it must first 
be calibrated within a small range of 
angles to ensure accurate reception of 
laser signals from the pen to the 
photodiodes via the cantilever glass 
mirror. The primary objective in this 
calibration is that the laser beam is 
evenly split between the two 
photodiodes just as is done in actual 
atomic force microscopy. Whereas in 
actual AFM practice, the operator 
typically only sees a computer screen 
depicting output from the photodiodes, 
in this instance the students gain the 
satisfaction of seeding the relatively 
Figure 1. Overall layout of the instrument. For 
more details see (Gadia et al., 2005). 
low-power laser beam impinging on the 
photodiodes.  
In a similar manner, the entire probe 
system is attached to the aluminum 
frame with a macroscopic rack and gear 
system that allows for transduction from 
linear motion into rotary motion that is 
then recorded with a pair of digital 
rotary encoders. The markings on the 
digital encoders are easily visible and 
computable (Kissell, 2000).  
The motion of the cantilever tip 
along the varying contours of the sample 
is ultimately measured by the calibrated 
combination of laser pen, cantilever 
mirror and photodiodes to track the 
progress along the vertical direction. 
Signals from the two rotary encoders and 
the pair of photodiodes are recorded 
simultaneously, the photodiode signal is 
digitized and the two horizontal and one 
vertical signal is send to a data 
acquisition board and may be displayed 
graphically with many commercially 
available graphic packages. 
In our first application we have used 
the National Instruments’ SC-2345 DAQ 
board. This we have relayed to the NI 
PCI- 6023E Multifunction I/O Board, 
which is connected to a PCI slot of a 
desktop PC. This board in turn inputs 
these signals into the DAQ assistants of 
the Virtual Instrument (VI) programmed 
in LabVIEW®. We have written the VI 
software code which simultaneously 
receives processes and converts the three 
signals into numerical distances. Of all 
of the portions of the project, this is 
perhaps the most challenging for most 
students. But we expect this trend to 
change as students are exposed to 
computers and computer programming 
at younger ages. 
The horizontal distances are 
determined based on ratio and 
proportion formulae after conducting 
experiments and performing 
measurements on a known standard. For 
our first model, we used common 
pegboard with a one inch pitch. Other 
samples of interest might include bubble 
wrap, which might represent something 
such as a biological sample, 
demonstrating at a macroscopic level, 
problems encountered with scan 
repeatability, thermal drift and hysteresis 
that frequently plague actual atomic 
force microscopy images. The digital 
pulses received from the rotary encoder 
are related to the distance traveled via 
the gear systems as noted. After noting 
the change in angle, the linear distance 
moved was calculated using the formula,  
 
 s r rcNθ= = ,  (3) 
 
where s is horizontal distance traveled (x 
or y), r is gear radius, θ is change in 
rotation angle, c is the number of radians 
per encoding line, and N is the number 
of lines counted. 
While an actual atomic force 
microscope typically uses a set of 
piezoelectric formed into some type of 
cylindrical structure to move the probe, 
and offers sub-nanometer control of the 
probe position, its typical total travel is 
only 100mm. This dimension is slightly 
larger than the diameter of a human hair. 
While easily resolvable under moderate 
magnification the same issue with the 
student being able to observe the 
displacement of the probe tip is still 
present. Our device resolves this issue.  
To transduce the vertical tip 
deflection, which represents the 
topography of the sample we use the 
same relationship as is used in real 
AFMs. Namely we use 
 
 U D
U D
V Vz k
V V
−= + ,  (4) 
 
where VU and VD denote the analog 
voltages received from the “up” and 
“down” photodiodes, and k denotes the 
gain, or conversion from volts to 
microns. In actual typical AFMs there 
are actually four photodiodes where the 
horizontal component of the voltage 
difference is used to measure torsion of 
the probe. Note that (4) is robust in that 
regardless of how much “photon 
leakage” occurs, when the incident light 
is hitting the two photodiodes, a signal is 
generated that is always a monotonic 
function. This portion is straightforward 
enough for students interested in the 
practical applications of mathematical 
formulae to appreciate. 
This distance measured must of 
course be calibrated with a known 
standard. This may easily be done with a 
known number of pieces of paper, or 
pieces of paper arranged in a staircase 
fashion. These might be used 
analogously with crystal planes of 
graphite or mica, two typically used 
AFM standards.  
 
Progress and Future Work. We are 
now on our third generation educational 
atomic force microscope. The second 
generation employed motors to move the 
probe tip, and we have the goal of 
making the third capable of being 
operated remotely via the World Wide 
Web with JAVA scripts. While this has 
the drawback of eliminating the hands-
on aspects of our educational AFM, it 
will allow those interested in interfacing 
with an existing device the opportunity 
to improve on our design and eliminate 
the need to purchase the components 
themselves. For example, the price tag of 
the National Instruments supplies can 
run into the hundreds of dollars. 
In closing, our device demonstrates 
the principles and concepts of and at the 
same time, highlights its primary 
working parts and their mutual 
interactions. This device allows for 
further development for classrooms 
wishing to push the limits of their 
device’s sensitivity. For example, 
placing the model in an optical, acoustic 
or vibration insulator to reduce the noise 
effects of ambient lighting, air vibrations 
or floor vibrations is possible.  
For those wishing to pursue the 
design and construction of their own 
educational atomic force microscope, or 
perhaps a more sophisticated model with 
greater resolution we suggest as a first 
step to intensively research its operation 
both through hands-on experience and 
theoretical means. As was the case with 
our project, the next step is to implement 
this theoretical knowledge into the 
practical application. On the basis of 
research, choose among available 
alternatives for constructing the model. 
By the process of elimination based on 
time and monetary expense selection of 
the appropriate hardware and software 
will be satisfactory. Good luck! 
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